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THE INFLUENCE OF DISEASE ON THE RENAL EXCRETION OF WATER
The rateof excretion ofwater by the healthy kidney is determined primarily
by the excretion of solutes, the influence of the antidiuretic hormone
(ADH), and a presumed hormone-independent mechanism for the renal
tubular reabsorption of water. Disease processes influence the flow of urine
by imposing restrictions or excesses in relation to these several regulatory
factors. It is the purpose of this essay to describe the currently most accept-
able formulation concerning the mechanisms involved in the regulation of
the excretion of water and to examine within the context of this theory the
disabilities imposed by disease. Such an approach may have a dual advan-
tage in that it helps to provide some clarification of the essential patho-
physiology of a disease process, and at the same time, it demonstrates
certain inadequacies of the theoretical formulation.
The reabsorption of the water filtered at the glomerulus is presumed to
be accomplished at three levels within the nephron."''- '- The first phase,
which occurs in the proximal tubule, is considered to be passive and sec-
ondary to the active reabsorption of solutes. The abstraction of solutes
creates a dilute tubular fluid, and water then diffuses through the tubular
membrane along the established gradient. Thus, the volume of fluid which
remains at the end of this operation is clearly dependent on the volume of
the original filtrate and the extent to which the solutes have been reab-
sorbed. Under most circumstances this volume approximates 85 to 90 per
cent of the initial filtrate.7' Although the several solutes are reabsorbed at
different rates by separate transport systems and the composition of the
fluid is altered thereby, the diffusion of water maintains the total solute
concentration isosmotic with the filtrate.'
The second phase is ascribed to the distal tubule and is thought to be
influenced by the antidiuretic hormone. The hypothesis suggests that, as in
the proximal tubule, the active reabsorption of solutes in the distal nephron
creates a dilute tubular fluid. However, in the absence of the antidiuretic
hormone little or no water is reabsorbed, whereas with maximal ADH
activity the reabsorption of water proceeds to the point where the tubular
fluid is again isosmotic with the parent filtrate. Presumably, with levels of
activity of the antidiuretic hormone intermediate between none and maxi-
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mal, the reabsorption of water will be less than that required to keep the
tubular fluid isosmotic with plasma.
Thus, at the end of this second phase a variably hypotonic or an isosmotic
fluid reaches an even more distal site (perhaps, the collecting tubule) where
water is reabsorbed without solutes. Two limits are imposed on the quantity
of water that may be removed in this third operation. The first is a limit in
terms of rate such that not more than 5-7 cc. per minute (per 100 cc. of
filtrate) can be reabsorbed at this site. The second limit concerns the maxi-
mal osmotic gradient that can be achieved between the urine and the body
fluids, which is between four and five to one. This final operation is referred
to as Tc by Smith and his colleagues. The term refers to that operation
which serves to concentrate the tubular fluid by the abstraction of water.
There are data from a variety of sources which support the general
framework of this concept. The early micropuncture studies of the renal
tubules established the approximate volume of the reabsorbate in the proxi-
mal tubules,2 and reported the essential identity between the vapor press-
ures of the tubular fluid and the plasma.' More recently, Wirz' has re-
ported some new observations on the osmotic activity of the water of the
fluid obtained from the proximal and distal tubules of the rat during a water
diuresis and dehydration antidiuresis. He confirmed the observation that
the fluid in the proximal tubule is isosmotic with filtrate. In contrast, how-
ever, the fluid obtained from the first portion of the distal tubule is hypo-
tonic to plasma, and in circumstances of a water diuresis this fluid becomes
progressively more dilute along the distal tubule. Fluid obtained during a
dehydration antidiuresis is noted to become isosmotic with plasma but it
never exceeds this level of total solute concentration. Since this latter
observation was recorded at a time when the bladder urine was concen-
trated, it is apparent that water must have been abstracted without (or at
least in excess of) solutes at some site beyond the distal tubule.
Shannon has observed the excretion of concentrated urines in dogs with
experimental diabetes insipidus when they were subjected to dehydration."
It could not be concluded with safety that this occurred independently of
ADH since it is essentially impossible to state with certainty that there is
ever complete inability to secrete this hormone in experimental or clinical
diabetes insipidus. Berliner and Davidson5 recently reported an investiga-
tion dealing with this problem in which there seems to be little question that
they were able to promote the excretion of a urine hypertonic to plasma
despite the lack of evidence of secretion of the antidiuretic hormone. They
promoted a water diuresis in dogs and the characteristics of the urine from
each kidney was independently examined. When a steady rate of excretion
of a hypotonic urine had been observed, the renal artery on one side was
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compressed so as to reduce the rate of filtration at the glomerulus on that
side. This, in turn, promoted a drastic reduction in the rate of excretion of
solutes on the ipsilateral side which was accompanied by the excretion of a
urine in which the total concentration of solutes exceeded that in the
plasma. The urine from the contralateral side remained dilute and appeared
to support the assumption that the procedure did not cause a secretion of
ADH. The elaboration of a concentrated urine on the experimental side is
ascribed to the accession of an unusually small volume of dilute fluid to
the Tc site. The abstraction of solute-free water at this locus was appar-
ently adequate to concentrate the urine to a level higher than the plasma.
Not only does this hypothesis account for the excretion of a urine more
concentrated than filtrate in the absence of ADH, it also allows for the
excretion of a minimally concentrated urine despite maximal activity of the
antidiuretic hormone. This is, of course, observed when the rate of excre-
tion of solutes is high and is referred to as a solute or osmotic diuresis.'
This obtains whenever the reabsorption of solutes is less complete than
usual. This may be due to an unusually high concentration in the filtrate of
some normal component such as glucose or urea, the reabsorption of which
is limited, or a foreign substance such as mannitol which the tubules are
unable to reabsorb, or to the administration of some pharmacological agent
that blocks the active reabsorption of one of the usual components such as
sodium.7"'7 This is frequently, but not necessarily, associated with an in-
creased delivery of solutes and water from the proximal to the distal tubule.
The net effect of the second phase operation under maximal ADH activity
will be the delivery of an unusually largevolumeof isosmotic tubular fluid to
the Tc2, site. This last operation is now limited by a maximal rate and as
the excretion of solutes is increased, the final bladder urine represents the
effect of the abstraction of a constant volume of water (i.e., TH0) from an
ever-increasing volume of isosmotic fluid. It is clear that the concentration
of this urine will approach the concentration of filtrate as the rate of
excretion of solutes is increased.
This formulation of the theory of the renal tubular reabsorption of water
as developed by Smith,"` Wesson and Anslow,°' Page and Reem,'
Ladd,87 and Zak, Brun, and Smith'7 was derived in great measure from a
study of the characteristics of solute diureses. In these considerations the
urinary water is treated as two fractions or clearances spoken of as osmolar
water and free water:
V COSm + CH20
where V is the rate of excretion of water per minute, and COsm and CH20
are the clearances of osmolar and free water, respectively. The osmolar
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water is that volume which could contain the solutes, excreted per minute,
at a concentration identical with that of the plasma filtrate. Thus, CH,O has
a positive value only when the urine is hypotonic and has a negative value
when the urine is concentrated in excess of that of the filtrate. A negative
free water clearance may be equated with the volume of water abstracted
from the isosmotic fluid in the third operation spoken of earlier as TCH20
It may be helpful to visualize these definitions in symbolic terms.
C uosm v
'Osm
In this expression UOm and Posm refer to the osmotic activity of the water
of urine and plasma respectively. Since
V COsm + CH M
cH20
=- osm
In order to assign a positive value to TC (CH,C) when the urine is
hypertonic, the signs are changed and
TCHzO cosm - V
A recent report by DeWardener and Del Greco1' described the alterations
in urine concentration consequent to the administration of infusions of
mannitol to subjects with diabetes insipidus. In one group of studies the
subjects received small quantities of pitressin varying from 1 to 13 mUnits/
hour, and inanother, smaller series the subjects received no pitressin. In the
former group the urine concentrations fell from 350-400 mOsm./L. to
hypotonic levels, and in the others the concentration of the dilute urine
increased toward that of the filtrate, and the clearance of free water was
enhanced as well. They interpret these data to mean that the fluid delivered
to the TC site was hypotonic. There is no argument with this interpreta-
tion. However, their inference that this is in disagreement with the Smith
hypothesis has no validity since this formulation anticipates the delivery of
an isosmotic fluid to the third phase operation only under circumstances of
maximal ADH activity. This condition did not obtain in these studies. The
data are, in fact, completely compatible with the mechanism suggested to be
responsibile for dilution of the urine, namely, the reabsorption of solutes in
excess of water in the distal tubule when ADH activity is absent or
incomplete.
There are certain data that imply that this formulation is at least incom-
plete. For example, if the quantity of TCH2 were, in fact, limited by only
two parameters, rate and a maximal osmotic U/P ratio, then the maximal
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U/P ratio should obtain whenever urine flow is less than the maximal To
(referred to asTmHC0). This appears to be at variance with the data, how-
ever, and maximal osmotic U/P ratios are only observed when the rate of
excretion of solutes is quite small.
The gradual rather than abrupt change from a maximal U/P ratio as
solute excretion increases under conditions of maximal ADH activity has
not been properly explained. Robinson' raised the question as to whether
the interrelationships between the rate of flow of urine and the tubular
dimensions were such as to create a situation where inadequate time was
allowed for diffusion equilibrium to be established except at the lowest
rates of flow. He made calculations based on a formula which relates the
transfer of heat to a fluid which flows through a pipe along which there is
at one point a sharp change in temperature. The applicability of this prob-
lem to that of the reabsorption of water is based on the speculation that a
group of tubular cells with a high osmotic pressure might reside at a par-
ticular locus in the tubule and be responsible for the abstraction of water in
virtue of the difference in the osmotic activity of the cellular and tubular
water. Robinson'M employed a fair number of assumptions in order to make
appropriate substitutions in the heat transfer formula and concluded that it
is unlikely that inadequate time for diffusion equilibrium with modest urine
flows could account for the failure to elaborate a urine with a maximal
osmotic U/P ratio. Nevertheless, this possibility deserves further con-
sideration, as does any other that may serve to resolve this dilemma.
In the studies reported by Zak, Brun, and Smith' considerable attention
is devoted to the character of the slope of the regression line of COm on V.
If the TE. mechanism is saturated, and if the antidiuretic hormone assures
the delivery of an isosmotic fluid to the T'c site, then each increment of V
should be equal to the increment of Cosm and the slope of the regression
line should equal 1.0. In fact, the values for the slopes of these lines varied
from 0.863 to 1.168, but in any individual instance there was such a degree
of consistency in performance that Zak and his colleagues were inclined to
ascribe physiological significance to the deviation from a slope of 1.0. If this
interpretation is valid and TmHO is constant, a slope greater than 1.0
implies that the increment of fluid which escaped reabsorption in the distal
tubule had an osmotic U/P ratio greater than 1.0, and would imply that
water had been reabsorbed in excess of solutes in the second phase of the
operation. In contrast, a slope less than 1.0 implies that the reabsorption of
water did not proceed to the isosmotic limit in the distal tubule despite
maximum activity of the antidiuretic hormone. One alternative interpreta-
tion is that THCH, is not constant. Still another explanation is that the slope
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does not deviate significantly from 1.0 and that the apparent deviations are,
somehow, artificial. If one examines the arithmetic expression for COsm
which is Uom/Posm V, it is apparent that the U/P osmotic ratio can be
made greater or less than 1.0 by altering the value for Posm, If POM were
to be increased rapidly and the reflection of this in Uosm were to lag, the
ratio would be less than 1.0. There were six examples of slopes less than
1.0 in the 21 experiments reported by Zak et al. It is interesting to note that
five of these were in subjects whose range of POsm during the study was
nine or more. It would be reasonable to infer that a sharp rise in Posm
would have been more likely to occur in studies in which the total range of
POsm was large. Ananalysis of the data with the assumption that the slopes
are approximately normally distributed reveals that the average slope does
not differ significantly from 1.0. It is difficult to select the more appropriate
interpretation. If a deviation of the slope from 1.0 could be taken seriously,
this would be a most useful tool in the study of the pathophysiology of
certain disorders characterized by an inability to concentrate the urine. It
might serve to provide a basis for discriminating between the ADH-
independent and dependent mechanism of water reabsorption as the source
of the disorder. This would be particularly true if serial studies revealed
significant changes in the slope as a lesion was induced or repaired.
Despite these problems this hypothesis is most useful and accounts best
for most of the physiological data. The few inadequacies probably imply an
incomplete rather than an incorrect formulation.
Although the structureofthe antidiuretichormone has been established by
du Vigneaude as an octapeptide amide, there are many problems concerned
with it which remain unanswered.'8 These include information concerning all
of the stimuli that are responsible for its secretion," i 9. 2. 7 8 4.4, "8 7,74. 5
the mode of transport and storage of the hormone,'7 the relationship be-
tween the quantity of the hormone and the intensity of the response,8' the
locus of its action,<7 and the nature of its mode of action.' Partial answers
to some of these questions are available and have been presented in other
reviews."1'74'.5
The influences of diseases as conditioning factors modifying the rate of
excretion of water are many, and they vary from rather simple situations to
those which are more or less subtle and not completely understood.'8 Per-
haps the most simple of all is diabetes insipidus which is the clinical expres-
sion of partial or total insufficiency of the antidiuretic hormone.7 1' ' The
disease may be due to a variety of lesions which destroy or interfere with
the function of some part of the supra-optico-hypophyseal pathway." The
list includes tumors, infections such as syphilis and encephalitis, tuberculo-
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sis, cerebrovascular disease, and trauma. Some instances appear to be
inherited, '0 and others are never defined as to etiology. The clinical fea-
tures include the anticipated polyuria and polydipsia, as well as the symp-
toms that may be related to the characteristics of the disease process respon-
sible for the disturbance of the integrity of the supra-optico-hypophyseal
system. The questions concerning the primacy of the polyuria,1"' and the
influence of other endocrine disorders on the characteristics of diabetes
insipidus are discussed elsewhere.'
It is, of course, not surprising that renal disease may be associated with
disturbances in the rate of excretion of water and the ability to concentrate
the urine. There are three types of renal disease that are characterized by an
itnability to concentrate the urine and which cannot be explained as exam-
ples of the consequences of solute diureses. In these instances the urine is
dilute, the disorders may mimic diabetes insipidus, and they appear to be
examples of end-organ failure. The first of these, referred to as nephrogenic
diabetes insipidus," is inherited, and its manifestations are noted early in
life. The kidneys of these patients are unresponsive to pitressin. The nature
of the insensitivity to the antidiuretic hormone is not understood. A second
group is acquired and has been referred to as "water-losing nephritis.'17 "'
These patients who have had obstructive uropathy or multiple myeloma
developed thirst, and polyuria, and were also unresponsive to pitressin. It is
of especial interest to report that the kidney tissue of one of the two patients
reported by Roussak and Oleesky' was examined by Darmady1' using the
technique of nephron micro-dissection and lesions were found in the col-
lecting tubule and to a lesser extent in the distal tubule as well.
Several reports have appeared concerning the inability to concentrate the
urine appropriately in patients with potassium depletion.T "5 " " This has
been studied and confirmed in experimental potassium depletion in rats and
thereappears to be a relationship between the degree of potassium deficiency
and the intensity of the functional disability. Dr. Jean Oliver,4' utilizing the
techniques of micro-dissection, is investigating these experimentally de-
pleted kidneys; the most definite and consistent lesion appears to be in the
collecting tubules. The association of an anatomical lesion in the renal
tubule at a specific site with a particular functional defect certainly cannot
be interpreted as proof that that particular area is the locus of the physio-
logical operation of which the malfunction has been demonstrated. At the
same time the speculation that the two observations may be correlated is
intriguing. To the extent that these inferences concerning topographic
pathophysiology are valid, the Smith formulation is supported.
It was stated that these three types of renal disease were accompanied by
a disability in the renal concentrating mechanism which could not be
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ascribed to the consequences of a solute diuresis. This latter, however, may
be an important factor in the inability to concentrate the urine in chronic
renal insufficiency. A completely satisfactory explanation must satisfy the
usual sequence which is represented first by an inability to concentrate the
urine while the ability to dilute the urine appears to persist, ending, ulti-
mately, in the inability either to concentrate or dilute the urine with the
production of a fluid that varies little from the concentration of plasma
filtrate. So long as the kidneys were to retain the ability to excrete a dilute
urine but were unable to produce a concentrated urine it would be possible
to suggest that the defect is simply an inability of the appropriate renal
tubular cells to respond to the antidiuretic hormone. However, when the
stage of isosthenuria is reached, this hypothesis is incomplete.
Several groups have suggested that the apparent defect in concentration
as reflected in the maximal U/P osmotic ratio is misleading. They suggest
the hypothesis that chronic renal insufficiency is primarily characterized by
a reduction in the total number of functioning nephrons and that those that
remain are healthy, rather than that there is greater or lesser partial
destruction of almost all the nephrons.M'3' The former hypothesis has
certain important implications. Among these is the assumption that each
remaining nephron is functioning at a higher than normal level in certain
respects. There seems little doubt that the volume of filtrate formed per
glomerulus is increased when renal tissue is experimentally reduced. If the
increase in the rate of filtration at the glomerulus exceeds any increase in
the proximal tubular reabsorption of solutes, a larger volume of fluid will
gain access to the distal tubule. Even if solute reabsorption is enhanced at
this site, the rate of excretion of solutes per nephron will be augmented.
This is the characteristic of a solute diuresis and reference to the earlier
discussion may make it clear why the urine would fail to be highly concen-
trated despite maximal secretion of, and renal tubular response to, the anti-
diuretic hormone. This abnormality will, of course, become more profound
when despite an increase in the rate of filtration at the glomerulus per
nephron the total number of functioning nephrons decreases to the point
where the concentration of urea is elevated. Under this circumstance the
load of filtered solutes per nephron is markedly increased by virtue both of
an increased filtration rate and an increased concentration of solutes in the
filtrate. Since the reabsorption of urea is limited, it is particularly responsi-
ble for the increased solute diuresis, the intensity of which may now be
sufficient to insure a urine concentration which is always close to that of
the filtrate.
Values for CO., TH.0, and glomerular filtration rate were reported in
a study of the renal concentrating mechanism in patients with kidney
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disease by Baldwin, Berman, Heinemann, and Smith.' They measured the
osmotic U/P ratio in control periods and then administered a 10 per cent
solution of mannitol. They observed that the value for T%H.0 per 100 cc. of
filtrate is preserved reasonably well until renal insufficiency had progressed
to the point where the filtration rate was less than 60 cc. per minute. In
these more advanced states of renal disease the value for TIH20 per 100 cc. of
filtrate was diminished. They interpreted this as evidence for a specific
tubular defect. However, this need not necessarily be the case for if the
filtration rate per nephron continues to increase as fewer nephrons remain
to function, and if the Tc:, mechanism was unable to hypertrophy any
further, the ratio of Tc per 100 cc. filtrate would be diminished, and this
would give the erroneous impression of a specific tubular defect. This might
merely represent an example of a disproportionate increase in renal func-
tions with a consequent glomerulo-tubular imbalance.
These same considerations must impose some limitation on the ability to
excrete a dilute urine. However, in the early stages, the abstraction of
solutes without water in the distal tubule (in the absence of ADH) may
increase sufficiently to insure some dilution of the final urine. Although the
changes should be present in both directions (dilution and concentration),
they might appear to be less impressive in terms of dilution. This may be a
semantic problem since one tends to consider a maximal urine concentration
of 700 mOsm./L. as a greater defect than a minimal urine concentration of
150 mOsm./L. More data concerning the relationships between the dis-
orders in concentration and dilution of the urine in the course of chronic
renal insufficiency are needed to evaluate this hypothesis. Since the specific
gravity of the urine cannot be reliably used as an estimate of total solute
concentration, techniques employing one of the colligative properties are
essential for this purpose.
Inability to excrete large volumes of a dilute urine in response to a
water load is a characteristic of certain diseases and clinical disorders as
different as cirrhosis of the liver with ascites, dehydration with salt deple-
tion, anterior pituitary insufficiency, cardiac failure with edema, adrenal
cortical insufficiency, and subsistence on a dietary regimen low in proteins.
In several of these conditions some defect specifically characteristic of that
disorder has been cited as the responsible mechanism for the abnormality
in the renal excretion of water. In cirrhosis of the liver it has been attrib-
uted to inadequate inactivation of the antidiuretic hormone by the diseased
liver;'""'-' in cardiac failure"' it has been ascribed to an increased sensi-
tivity to ADH; in anterior pituitary insufficiency it has been assigned to
the loss of a presumed "diuretic" hormone;'° and in adrenal cortical in-
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sufficiency it has been ascribed to the lack of a specific counteracting influ-
ence of the adrenal cortical hormones with respect to the antidiuretic
hormone."' The hypothesis which has been presented concerning the regu-
lation of the rate of excretion of water may be boldly challenged by the
search within its framework for some uniform pathophysiological sequence
responsible for the abnormality among these unrelated disorders.
Increased quantities of antidiuretic substance have been found in the
urine and blood in some investigations of these patients."' ' The physio-
logical specificity of the antidiuretic substance may be questioned, but even
if it is granted that this material does, in fact, represent ADH, it does not
necessarily follow that an increased quantity of antidiuretic hormone is
responsible for the impaired excretion of water in all instances. Neverthe-
less, it may very well be one of the mechanisms in some instances. The
stimulus which might be responsible for the secretion of the antidiuretic
hormone in these disorders is not clear. The principal physiological stimulus
for the secretion of ADH is an increase in the effective osmotic pressure of
the fluids bathing the osmo-receptor in the anterior portion of the hypo-
thalamus.' In contrast, in many instances of these disorders the antithesis
of this obtains and is reflected in a depressed concentration of sodium in the
serum. There is evidence, however, that a deficit of volume in some critical
segment of the vascular or extravascular compartment,8''= "" ' or some
secondary consequence of this deficit, may also serve as a stimulus to the
secretion of the antidiuretic hormone. It is clear that certain of these con-
ditions might share the common denominator of a volume deficit. This is
most obvious in ordinary salt depletion dehydration, adrenal cortical in-
sufficiency, and, perhaps, in some instances of anterior pituitary insufficiency
as well. The accumulation of ascites in patients with cirrhosis implies that
the rate of transudation of fluid into the peritoneal cavity is in excess of its
reabsorption. This, in turn, predicts a net redisposition of volume between
the plasma and this extravascular collection in favor of the latter. The esti-
mation of blood volume may suggest that there is no hypovolemia, but this
must be interpreted in relation to the fact of a considerable pooling of blood
in the dilated portal venous system and in this circumstance the "effective"
blood volume would be considered to be diminished. The fact that there is
hypervolemia in congestive heart failure need not exclude this same
hypothesis. It is reasonable to suggest that the redisposition of blood volume
in patients with congestive heart failure may be such as to establish a
diminished arterial volume despite an increase in total blood volume. A
receptor in the arterial tree responsive to some function of a diminished
volume (pressure, flow, etc.) might then be stimulated in patients with
cardiac decompensation. Thus, if there is an increased secretion of anti-
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diuretic hormone in these clinical disorders, it is reasonable to infer that
this has been promoted in response to a physiological stimulus arising in
the sequence of events initiated by the primary disorder itself. In support of
these suggestions the studies of Leaf and Mamby`" and others should be
cited, since these investigations demonstrated increased quantities of anti-
diuretic substance in the blood and urine of animals with salt depletion de-
hydration despite hyponatremia. An increase in plasma volume may pro-
mote a diuresis of water in hydropenic subjects which is interpreted as
evidence that an expansion of plasma volume suppresses the secretion of
ADH.7 Mirsky and his collaborators" have demonstrated that there is an
increase in antidiuretic activity of the serum of adrenalectomized animals
only when they are allowed to become dehydrated.
Strauss, Birchard, and Saxon' noted an increase in the flow of a more
dilute urine in some water-loaded patients with cirrhosis and ascites when
they were given ethyl alcohol (in a palatable form) to drink. Since alcohol
induces diuresis in virtue of suppression of the secretion of the antidiuretic
hormone,18' "" the data were interpreted as suggesting that the responsive
patients were secreting ADH as a consequence of a nonosmotic stimulus.
The suggestion that patients with cirrhosis of the liver with ascites and
those with congestive heart failure have an increased sensitivity to ADH
is discredited by several investigations.' " '- ' These studies report a normal
interval between the administration of a water load and the time when the
maximal rate of excretion of water was achieved, a normal response to the
administration of pitressin, and the usual interval between the administra-
tion of the agent and recovery from same when the dose of pitressin was at
reasonably physiological levels.
Although the failure to excrete large volumes of dilute urine in these
disorders may, then, be associated with an increased secretion of ADH due
to the operation of a normal response to an unusually intense physiological
stimulus, it would appear that another mechanism must be operative in
some circumstances where the defect persists in the absence of any evidence
of antidiuretic hormone activity.
Reference to the description of the several operations involved in the
reabsorption of water by the renal tubules will serve to emphasize the close
dependence of the rate of excretion of water on the rate of excretion of
solutes.' Sodium salts and urea represent large fractions of the excreted
solutes, and, hence, any factors that affect their rate of excretion must have
a profound influence on the rate of excretion of total solutes. A poor protein
intake, an intense stimulus for the reabsorption of sodium and its salts, and
a decrease in the glomerular filtration rate are the factors which will con-
dition solute excretion. Moreover, the two latter factors are likely to in-
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crease the reabsorption of sodium salts in the proximal tubule. This, in
turn, must restrict the volume of fluid that can gain access to the distal
tubule. Since the maximal rate of excretion of water, even in the absence of
ADH, cannot exceed the volume delivered to the distal tubule less the
volume of TH , it is clear that a diminished volume of filtrate and the avid
reabsorption of salt (and water) in the proximal tubules must impose
serious limitations on the rate of excretion of urine. These conditions are
common in salt depletion dehydration, congestive heart failure with edema,
and in cirrhosis of the liver with ascites. A diminished rate of excretion of
urea in subjects subsisting on a low protein diet is responsible for a reduced
water diuresis in a similar fashion. The diminished nitrogen metabolism and
the factor of a decreased filtration rate in anterior pituitary insufficiency
are probably responsible for the water defect in that disorder.
The situation in adrenal cortical insufficiency is, at first glance, more
difficult to resolve, since, if anything, the excretion of solutes, as salt, is
enhanced. Moreover, the inability to achieve a proper diuresis of water
persists after hydration has been restored so that it cannot be ascribed solely
to the secretion of the antidiuretic hormone. If the reabsorption of sodium
salts which is implemented by the salt-retaining hormone of the adrenal
cortex were confined to the distal tubule, the failure to diurese properly in
adrenal insufficiency could be readily explained along lines similar to those
just presented. The filtration rate is depressed in adrenal cortical insuf-
ficiency and this hemodynamic alteration (and possibly others as well)
would tend to promote an enhanced reabsorption of sodium salt in the
proximal tubule.'' X' To the extent that these factors encourage the con-
servation of salt by the proximal tubular cells, a smaller volume of isosmotic
fluid will gain access to the distal tubule. In this fashion the same restric-
tions are imposed on the excretion of water described in relation to cir-
rhosis, heart failure, salt depletion, small urea excretion, and anterior pitui-
tary insufficiency. There are, however, two differences. If the assumption
that the salt-retaining hormone acts on the distal tubule is valid, the salt
that did reach the distal tubule would escape reabsorption and be excreted
in the urine. Secondly, if the dilution of the urine is dependent on the
abstraction of solutes without water in the distal tubule, and if sodium salt
cannot be reabsorbed at this site in adrenal insufficiency, it should be im-
possible to excrete a really dilute urine even in the total absence of ADH
in this disorder. The site of action of aldosterone is not known and this is
an important area for research.'8"' Studies with desoxycorticosterone glu-
coside and cortisone suggest that the former acts in the proximal, and per-
haps the distal, tubule, whereas the latter seems to act at the distal site
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alone.' It is of interest to mention that DOCA does not correct the water
defect, whereas cortisone does."0
Thus it is possible to ascribe a diminished ability to excrete water to
some common denominator within the framework of the Smith hypothesis
in a variety of disorders which appeared on the surface to share few resem-
blances. This is a successful response to the challenge and is an unequivocal
demonstration of the usefulness of the hypothesis. Plausibility, however,
cannot substitute for scientific proof, and one must be alert even to the
minor inconsistencies between the theory and the observed data. These may
represent important clues in the search for the missing pieces, or they may
destroy a preconception and create a climate conducive to the development
of a new concept. During the many discussions which the author was privi-
leged to have with Dr. Peters certain general patterns of approach to scien-
tific matters were recognized as part of Dr. Peters' genius. Important
among these was the delight rather than the frustration with which he
greeted data which appeared to be in conflict with each other or with a pre-
conception (although his enthusiasm was somewhat dampened if the pre-
conception was of his own design). He viewed these circumstances as
opportunities to gain a further insight into the factors that condition some
basic physiological response. This, in turn, reveals his greatest intellectual
asset which was the capacity and the willingness to entertain a new idea.
This is a worthy though difficult tradition to emulate.
REFERENCES
1. Andersson, B. and Larsson, S.: Excretion of antidiuretic substance in the urine
of dairy cows. Acta physiol. scand., 1952, 25, 212-218.
2. Andersson, B. and McCann, S. M.: Polydipsia evoked by hypothalamic stimula-
tion in the goat. Fed. Proc., 1956, 15, 4-5.
3. Baldwin, D. S., Berman, H. J., Heinemann, H. O., and Smith, H. W.: The
elaboration of osmotically concentrated urine in renal disease. J. clin. Invest.,
1955, 34, 800-807.
4. Bercu, B. A., Rokaw, S. N., and Massie, E.: Antidiuretic action of the urine of
patients in cardiac failure. Circulation (N. Y.), 1950, 2, 409-413.
5. Berliner, R. W. and Davidson, D. G.: Production of hypertonic urine in the
absence of pituitary antidiuretic hormone. J. clin. Invest., 1956, 35, 690.
6. Blackmore, W. P. and Cherry, G. R.: Antidiuretic action of histamine in the dog.
Amer. J. Physiol., 1955, 180, 596-598.
7. Blotner, H.: Diabetes insipidus. In Oxford medicine, Vol. 4, Ch. 6. New York,
Oxford University Press, 1949, pp. 179-194.
8. Borst, J. G. G. and DeVries, L. A.: The three types of "natural" diuresis. Lancet,
1950, 2, 1-6.
9. Brun, C., Knudsen, E. 0. E., and Raaschou, F.: The influence of posture on the
kidney function. I. The fall of the diuresis in the erect posture. Acta med.
scand., 1945, 122, 315-331.
10. Burston, R. A. and Garrod, O.: The variability of the lowered glomerular filtra-
tion rate in Addison's disease and panhypopituitarism and the effect of corti-
sone thereon. Clin. Sci., 1952, 11, 129-139.
311ESSAYS IN METABOLISM
11. Cannon, J. F.: Diabetes insipidus. Clinical and experimental studies with con-
sideration of genetic relationships. Arch. int. Med., 1955, 96, 215-272.
12. Chalmers, T. M. and Lewis, A. A. G.: Stimulation of the supra-optico-hypophysial
system in man. Clin. Sci., 1951, 10, 127-135.
13. Conn, J. W.: Aldosterone in clinical medicine-past, present, and future. Arch.
int. Med., 1956, 97, 135-144.
14. Darmady, E. M.: Renal lesions in relation to amino-aciduria and water diuresis.
The kidney. Boston, Little, Brown and Company, 1954, pp. 27-37.
15. De Wardener, H. E. and Del Greco, F.: The influence of solute excretion rate on
the production of a hypotonic urine in man. Clin. Sci., 1955, 14, 715-723.
16. du Vigneaud, V.: Hormones of the posterior pituitary gland: Oxytocin and
vasopressin. The Harvey Lectures, 1954-55, pp. 1-26.
17. Earley, L. E.: Extreme polyuria in obstructive uropathy: report of a case of
"water-losing nephritis" in an infant, with a discussion of polyuria. New
Engl. J. Med., 1956, 255, 600-605.
18. Eggleton, M. G.: The diuretic action of alcohol in man. J. Physiol. (Lond.),
1942, 101, 172-191.
19. Epstein, F. H., Post, R. S., and McDowell, M.: The effect of an arteriovenous
fistula on renal hemodynamics and electrolyte excretion. J. clin. Invest., 1953,
32, 233-241.
20. Eversole, W. J., Birnie, J. H., and Gaunt, R.: Inactivation of posterior pituitary
antidiuretic hormone by the liver. J. clin. Endocr., 1948, 8, 616-617.
21. Fink, E. B.: Diabetes insipidus. A clinical review and analysis of necropsy
reports. Arch. Path., 1928, 6, 102-120.
22. Fisher, V., Ingram, W. R., and Ranson, S. W.: Diabetes insipidus and the neuro-
hormonal control of water balance: A contribution to the structure and func-
tion of the hypothalamico-hypophyseal system. Ann Arbor, Edwards Bros.
Inc., 1938.
23. Forssman, H.: On hereditary diabetes insipidus. Acta med. scand., 1945, Supple-
ment 150, 1-196.
24. Garrod, 0. and Burston, R. A.: The diuretic response to ingested water in Addi-
son's disease and panhvpopituitarism and the effect of cortisone thereon.
Clin. Sci., 1952, 11, 113-128.
25. Garrod, O., Davies, S. A., and Cahill, G., Jr.: The action of cortisone and desoxy-
corticosterone acetate on glomerular filtration rate and sodium and water ex-
change in the adrenalectomized dog. J. clin. Invest., 1955, 34, 761-776.
26. Gaunt, R., Birnie, J. H., and Eversole, W. J.: Adrenal cortex and water metabo-
lism. Physiol. Rev., 1949, 29, 281-310.
27. Gilman, A. and Goodman, L.: The secretory response of the posterior pituitary
to the need for water conservation. J. Physiol. (Lond.), 1937, 90, 113-124.
28. Ginsburg, M.: The secretion of the antidiuretic hormone in response to haemor-
rhage and the fate of vasopressin in adrenalectomized rats. J. Endocr., 1954,
11, 165-176.
29. Hanenson, I. B., Goluboff, B., Grossman, J., Weston, R. E., and Leiter, L.:
Studies on water excretion following intravenous hydration and the admin-
istration of pitressin or nicotine in congestive heart failure. Circulation
(N. Y.), 1956, 13, 242-251.
30. Hayman, J. M., Jr., Shumway, N. P., Dumke, P., and Miller, M.: Experimental
hyposthenuria. J. clin. Invest., 1939, 18, 195-212.
31. Henry, J. P. and Pearce, J. W.: The possible role of cardiac atrial stretch recep-
tors in the induction of changes in urine flow. J. Physiol. (Lond.), 1956, 131,
572-585.
32. Hollander, W., Jr., Williams, T. F., Fordham, C. C., III, and Welt, L. G.: Study
of the quantitative relationship between antidiuretic hormone and renal tubular
reabsorption of water. Amer. J. Med., 1955, 19, 143-144.
33. Hollander, W., Jr., Winters, R. W., Williams, T. F., Holliday, M., Oliver, J., and
Welt, L. G.: The renal concentrating defect in potassium depleted rats. Pre-
sented to Southern Soc. Clin. Res., Jan. 21, 1956, New Orleans, La.
312Influence of disease on renal excretion I WELT
34. Kleeman, C. R., Epstein, F. H., and White, C.: The effect of variations in solute
excretion and glomerular filtration on water diuresis. J. clin. Invest., 1956,
35, 749-756.
35. Kleeman, C. R., Rubini, M. E., Lamdin, E., and Epstein, F. H.: Studies on alco-
hol diuresis: II. The evaluation of ethyl alcohol as an inhibitor of the neuro-
hypophysis. J. clin. Invest., 1955, 34, 448-455.
36. Koefoed-Johnsen, V. and Ussing, H. H.: The contribution of diffusion and flow
to the passage of D20 through living membranes. Acta physiol. scand., 1953,
28, 60-76.
37. Ladd, M.: Renal excretion of sodium and water in man as affected by prehydra-
tion, saline infusion, pitressin, and thiomerin. J. appl. Physiol., 1952, 4, 602-
619.
38. Leaf, A. and Mamby, A. R.: An antidiuretic mechanism not regulated by extra-
cellular fluid tonicity. J. clin. Invest., 1952, 31, 60-71.
39. Leaf, A., Mamby, A. R., Rasmussen, H., and Marasco, J. P.: Some hormonal
aspects of water excretion in man. J. clin. Invest., 1952, 31, 914-927.
40. Levinger, E. L. and Escamilla, R. F.: Hereditary diabetes insipidus. J. clin.
Endocr., 1955, 15, 547-552.
41. Lewis, A. A. G.: The control of the renal excretion of water. Ann. roy. Coll.
Surg. Engl., 1952, 13, 36-54.
42. Luetscher, J. A., Jr.: Aldosterone. Advanc. intern. Med., 1956, 8, 155-203.
43. Martin, S. J., Herrlich, H. C., and Fazekas, J. F.: Relation between electrolyte
imbalance and excretion of an antidiuretic substance in adrenalectomized cats.
Amer. J. Physiol., 1939, 127, 51-57.
44. Mirsky, I. A., Pavlisch, G., and Stein, M.: The antidiuretic activity of the plasma
of adrenalectomized, hypophysectomized, and adrenalectomized-hypophysec-
tomized rats. Endocrinology, 1954, 54, 691-697.
45. Mirsky, I. A., Stein, M., and Pavlisch, G.: The secretion of an antidiuretic sub-
stance into the circulation of rats exposed to noxious stimuli. Endocrinology,
1954, 54, 491-505.
46. Mirsky, I. A., Stein, M., and Pavlisch, G.: The secretion of an antidiuretic sub-
stance into the circulation of adrenalectomized and hypophysectomized rats
exposed to noxious stimuli. Endocrinology, 1954, 55, 28-39.
47. Nelson, W. P., III and Welt, L. G.: The effects of pitressin on the metabolism
and excretion of water and electrolytes in normal subjects and patients with
cirrhosis and ascites. J. clin. Invest., 1952, 31, 392-400.
48. Oliver, J.: Personal communication.
49. Page, L. B. and Reem, G. H.: Urinary concentrating mechanism in the dog.
Amer. J. Physiol., 1952, 171, 572-577.
50. Pearce, M. L. and Newman, E. V.: Some postural adjustments of salt and water
excretion. J. clin. Invest., 1954, 33, 1089-1094.
51. Platt, R.: Structure and functional adaptation in renal failure. Brit. med. J., 1952,
1, 1313-1317, 1372-1377.
52. Platt, R., Roscoe, M. H., and Smith, F. W.: Experimental renal failure. Clin.
Sci., 1952, 11, 217-231.
53. Ralli, E. P., Robson, J. S., Clarke, D., and Hoagland, C. L.: Factors influencing
ascites in patients with cirrhosis of the liver. J. clin. Invest., 1945, 24, 316-325.
54. Rapoport, S., Brodsky, W. A., West, C. D., and Mackler, B.: Urinary flow and
excretion of solutes during osmotic diuresis in hydropenic man. Amer. J.
Physiol., 1949, 156, 433-442.
55. Relman, A. S. and Schwartz, W. B.: Nephropathy of potassium-depletion;
clinico-pathologic entity. J. clin. Invest., 1955, 34, 959.
56. Relman, A. S. and Schwartz, W. B.: The nephropathy of potassium depletion.
New Engl. J. Med., 1956, 255, 195-203.
57. Robinson, F. H., Jr. and Farr, L. E.: The relation between clinical edema and the
excretion of an antidiuretic substance in urine. Ann. int. Med., 1940, 14, 42-54.
58. Robinson, J. R.: Reflectionsonrenalfunction. Springfield, Ill., Charles C Thomas,
1954, pp. 83-90.
313ESSAYS IN METABOLISM
59. Roussak, N. J. and Oleesky, S.: Water-losing nephritis, syndrome simulating
diabetes insipidus. Quart. J. Med., 1954, 23, 147-164.
60. Rydin, H. and Verney, E. B.: The inhibition of water diuresis by emotional stress
and by muscular exercise. Quart. J. exp. Physiol., 1938, 27, 343-374.
61. Scharrer, E. and Scharrer, B.: Hormones produced by neurosecretory cells.
Recent Progr. Hormone Res., 1954, 10, 183-240.
62. Schwartz, W. B.: Potassium and the kidney. New Engl. J. Med., 1955, 253, 601-
608.
63. Shannon, J. A.: The control of the renal excretion of water. I. The effect of varia-
tions in the state of hydration on water excretion in dogs with diabetes
insipidus. J. exp. Med., 1942, 76, 371-386.
64. Sieker, H. O., Gauer, 0. H., and Henry, J. P.: The effect of continuous negative
pressure breathing on water and electrolyte excretion by the human kidney.
J. clin. Invest., 1954, 33, 572-577.
65. Sinclair-Smith, C., Sisson, J., Kattus, A. A., Genecin, A., Monge, C., McKeever,
W., and Newman, E. V.: The effects of posterior pituitary extracts and
smoking on water, sodium, and chloride excretion in normal subjects and in
patients with congestive cardiac failure. Bull. Johns Hopk. Hosp., 1950, 87,
221-234.
66. Smith, H. W.: The excretion of water. Bull. N. Y. Acad. Med., 1947, 23, 177-195.
67. Smith, H. W.: The kidney: Structure and function in health and disease. New
York, Oxford University Press, 1951.
68. Strauss, M. B., Birchard, W. H., and Saxon, L.: Correction of impaired water
excretion in cirrhosis of the liver by alcohol ingestion or expansion of extra-
cellular fluid volume: The role of the antidiuretic hormone. Trans. Ass. Amer.
Phys., 1956, 69, 222-228.
69. Strauss, M. B., Rosenbaum, J. D., Nelson, W. P., III: The effect of alcohol on
the renal excretion of water and electrolyte. J. clin. Invest., 1950, 29, 1053-
1058.
70. Van Dyke, H. B., Adamsons, K., Jr., and Engel, S. L.: Aspects of the biochem-
istry and physiology of the neurohypophyseal hormones. Recent Progr. Hor-
mone Res., 1955, 11, 1-41.
71. Verney, E. B.: Croonian Lecture: The antidiuretic hormone and the factors which
determine its release. Proc. roy. Soc. Ser. B, 1947, 135, 25-106.
72. Walker, A. M., Bott, P. A., Oliver, J., and MacDowell, M. C.: The collection
and analysis of fluid from single nephrons of the mammalian kidney. Amer. J.
Physiol., 1941, 134, 580-595.
73. Walker, A. M., Hudson, C. L., Findley, T., Jr., and Richards, A. N.: The total
molecular concentration and the chloride concentration of fluid from different
segments of the renal tubule of amphibia: the site of chloride reabsorption.
Amer. J. Physiol., 1937, 118, 121-129.
74. Welt, L. G.: Clinical disorders of hydration and acid-base equilibrium. Boston,
Little, Brown and Company, 1955.
75. Welt, L. G.: The renal regulation of water balance. Metabolism, 1956, 5, 395-403.
76. Welt, L. G., Goodyer, A. V. N., Darragh, J. H., Abele, W. A., and Meroney,
W. H.: Site of saluretic action of an organic mercurial compound. J. appl.
Physiol., 1953, 6, 134-138.
77. Welt, L. G. and Orloff, J.: The effects of an increase in plasma volume on the
metabolism and excretion of water and electrolytes by normal subjects. J. clin.
Invest., 1951, 30, 751-761.
78. Welt, L. G., Seldin, D. W., Nelson, W. P., III, German, W. J., and Peters, J. P.:
Role of the central nervous system in metabolism of electrolytes and water.
Arch. int. Med., 1952, 90, 355-378.
79. Welt, L. G., Young, D. T., Thorup, 0. A., Jr., and Burnett, C. H.: Renal tubular
phenomena under the influence of a carbonic anhydrase inhibitor. Amer. J.
Med., 1954, 16, 612.
80. Wesson, L. G., Jr., Anslow, W. P., Jr., and Smith, H. W.: The excretion of
strong electrolytes. Bull. N. Y. Acad. Med., 1948, 24, 586-606.
314Influence of disease on renal excretion WELT
81. Wesson, L. G., Jr. and Anslow, W. P., Jr.: Effect of osmotic and mercurial
diuresis on simultaneous water diuresis. Amer. J. Physiol., 1952, 170, 255-269.
82. White, A. G.: Diabetes insipidus: A discussion, including a re-examination of the
site and mode of action of the antidiuretic hormone. J. Mt. Sinai Hosp., 1955,
22, 15-23.
83. White, A. G., Rubin, G., and Leiter, L.: Studies in edema. III. The effect of
pitressin on the renal excretion of water and electrolytes in patients with and
without liver disease. J. clin. Invest., 1951, 30, 1287-1297.
84. Williams, R. H. and Henry, C.: Nephrogenic diabetes insipidus: transmitted by
females and appearing during infancy in males. Ann. int. Med., 1947, 27, 84-95.
85. Wirz, H.: Location of antidiuretic action in the mammalian kidney by micro-
puncture. Intern. Physiol. Cong., 1956, 20, 972.
86. Womersley, R., Thorup, 0. A., Jr., and Welt, L. G.: The influence of enhanced
sodium reabsorption by DOCA and Compounds E and F on the rates of ex-
cretion of water, potassium, and ammonia. J. clin. Invest., 1953, 32, 613.
87. Zak, G. A., Brun, C., and Smith, H. W.: The mechanism of formation of osmo-
tically concentrated urine during the antidiuretic state. J. clin. Invest., 1954,
33, 1064-1074.
315